Abstract MicroRNAs (miRNAs) regulate gene expression and biological processes including embryonic development, innate immunity, and infection in many species. Emerging evidence indicates that miRNAs are involved in drug resistance. However, little is known about the relationship between the miRNAs and insecticide resistance in mosquitos. Here, we reported that conserved miR-278-3p and its target gene are critical for pyrethroid resistance in Culex pipiens pallens. We found that CYP6AG11 is the target of miR-278-3p, through bioinformatic analysis and experimental verification. The expression level of miR-278-3p was lower, whereas the level of CYP6AG11 was higher in deltamethrin-resistant strain, which were detected using quantitative reverse transcription PCR (qRT-PCR). We also found that CYP6AG11 was regulated by miR-278-3p via a specific target site with the 3′ untranslated region (UTR) by luciferase reporter assay. In addition, overexpression of CYP6AG11 in the mosquito C6/36 cells showed better proliferation than the cells with empty vector when treated by deltamethrin at different concentrations. Moreover, the overexpression of miR-278-3p through microinjection led to a significant reduction in the survival rate, and the level of CYP6AG11 was simultaneously reduced. These results indicated that miR-278-3p could regulate the pyrethroid resistance through CYP6AG11.
Introduction
Mosquitos are one of the most medically important vectors, which transmit reemerging diseases such as malaria, dengue fever, yellow fever, and West Nile fever (Govindarajan and Sivakumar 2014; Huber et al. 2014) . In recent years, mosquito-borne diseases have emerged as a serious public health concern in the world (Azizullah et al. 2014; Bouzid et al. 2014) . Among the diseases, only dengue fever affects the life of 3.6 billion people (Zellweger et al. 2013) . Chemical control is a major method to manage the mosquito-borne diseases (Marimuthu et al. 2012) . Pyrethroids are usually used for the impregnation of bed nets and indoor residual spray (White et al. 2014) . Unfortunately, excessive and continuous application of pyrethroids has caused the development of pyrethroid resistance, which has become the major obstacle to control the mosquito-borne diseases. The mechanisms responsible for pyrethroid resistance are mainly associated with target site modification and metabolic resistance (Bouvier et al. 2002; Somwang et al. 2011 ). Overexpression and/or elevated activity of P450s may enhance biodegradation of the pyrethroids (Lertkiatmongkol et al. 2011) . High levels of P450 activity are frequently observed in pyrethroid-resistant mosquitoes, and some of P450 have been shown to metabolize pyrethroids (Chandor-Proust et al. 2013) .
MicroRNAs (miRNAs) are endogenous small non-coding RNAs of 20~25 nucleotides in length that have been shown to be responsible for the post-transcriptional regulation of mRNAs (Huang et al. 2012) . MiRNAs can bind to the 3′ untranslated region (3′UTR) of their targets and silence gene expression in a sequence-specific manner (Qiu et al. 2008) . Since the discovery of miRNAs in Caenorhabditis elegans (Lee et al. 1993) , numerous studies have demonstrated their essential role in regulating development, cell differentiation, apoptosis, and other critical biological events in both animals and plants (Hewezi et al. 2012; Pio et al. 2014; Samaraweera et al. 2014) .
In a previous study, we obtained many miRNAs in Culex pipiens pallens, which have different expression levels between pyrethroid-resistant strain and the susceptible strain of Lab population, using a high throughput Solexa sequencing (Shanchao Hong, manuscript submitted for publication). One of them is miR-278-3p, which is upregulated in the susceptible strain. To elucidate if miR-278-3p is involved in pyrethroid resistance through P450s, the 3′UTR sequences of all P450s of Culex quinquefasciatus and the mature miR-278-3p sequence were identified using the RNAhybrid program. Among these P450s, only the 3′UTR of CYP6AG11 match the seed region of miR-278-3p, and the free energies is low (Fig. 1) . So, we investigated whether miR-278-3p could involve in pyrethroid resistance by regulating the expression level of CYP6AG11.
Materials and methods

Insects and cells
DS-strain of C. pipiens pallens was obtained from the Tangkou of Shandong Province and was maintained in our laboratory which was reared at 28°C with 70-80 % humidity and a constant light/dark cycle (14:10). DR-strain was selected with deltamethrin from DS-strain of early fourth instar larvae for more than 60 generations to reach a 146-fold resistance (LC50 of deltamethrin, 7.30 vs 0.04 mg/L).
HEK293T cells were supplemented with 10 % fetal bovine serum at 37°C, and Aedes albopictus C6/36 (ATCC no. CRL-1660) cells (offered by the China Center for Type Culture Collection, CCTCC) were supplemented with 10 % (v/v) fetal bovine serum (GIBCO, USA) at 28°C.
Quantitative reverse transcription and PCR Total RNA was extracted from five female mosquitoes, which were 1 day post-emergence, with TRIzol (Invitrogen, USA) according to the manufacturer's instructions. Reverse transcription to make complementary DNA (cDNA) was done using the miScript Reverse Transcription kit (Qiagen, China). Quantitative real-time PCR was performed on the ABI PRISM 7300 (CA, USA) using Light Cycler FastStart DNA Master SYBR Green I (ABI, USA) according to the manufacturer's instructions. The sequences of primer for CYP6AG11 were listed in Table 1 . MiRNA quantification was calculated by the Bulge-loop™ miRNA quantitative reverse transcription PCR (qRT-PCR) method (Dedeoglu 2014; Fulci et al. 2007) , and primer sets (one RT primer and a pair of qPCR primers) specific for miR-278-3p were designed and listed in Table 1 . The relative expression level of CYP6AG11 was normalized to the internal control β-actin, and U6 small nuclear (U6) was used to normalize the expression level of miR-278-3p. The expression level in DS-strain was considered as 1. The qRT-PCR was repeated three times with independent samples. 
Amplification of 3′UTR/MUT and ORF sequence of CYP6AG11
Two pairs of primers (Table 1) were designed based on the similar cDNA sequences from Cx. quinquefasciatus to amplify 3′UTR/MUT of CYP6AG11 (3′UTR was a fragment sequence which included complementary sequence of seed region of miR-278-3p, and the other one changed four bases in the seed region). The first PCR was performed with primers F1 and R1 using the following conditions: denaturing at 95°C for 30 s followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s and a final extension at 72°C for 10 min. PCR for the mutation of the 3′UTR was carried out using the primers F1 and R2 using the same conditions as for the first PCR. Amplified fragments had been sequenced (Additional material). The ORF of CYP6AG11 was amplified using a pair of specific primers (Table 1) . ATC was added before ATGG to form Kozak sequence in the forward primer and for the later Western blot identification. The amplified product was separated by agarose gel electrophoresis and purified using the MiniBEST Agarose Gel DNA Extraction Kit Ver.4.0 (TaKaRa, Japan). The purified DNA was ligated into the pMD19-T vector (TaKaRa, Japan).
Plasmid constructs and transient transfection
Reporter constructs for the expression in 293T cells were generated by amplifying the 3′UTR/MUT sequences, followed by cloning the PCR product into a plasmid downstream of the Renilla luciferase coding region using the Sac I and Hind III restriction sites (pMIR-REPORT™ miRNA Expression Reporter Vector, ABI, US). Plasmid constructs for expression in C6/36 cells were generated by integrating the ORF sequences into the pIB/V5-His vector, using the Spe I and Xho I restriction site (Invitrogen, CA, USA). The PCR primers were listed in Table 1 . The 293T cells were seeded at 4×10 5 cells/well in six-well plates 12 h before transfection. The cells were transfected with 0.4 μg of reporter construct and 100 nM miRNA mimics (microRNA mimics are double-stranded RNA molecules intended to "mimic" native microRNAs) (GenePharma, Germany) per well. The cells were lysed after 48 h in 1× Passive Lysis Buffer (Promega, USA), and the firefly and Renilla luciferase activities were determined with the DualLuciferase Assay System (Promega, USA). The C6/36 cells were seeded at 5×10 5 cells/well in a six-well plate 24 h before transfection. For each well, plasmid DNA was diluted to a concentration of 2 μg/100 μL (0.02 μg/μL). Seventy-two hours post-transfection, cells were selected for Western blotting. At the same time, pIB/Ctrl empty vector (Invitrogen, CA, USA) as a negative control was also established using the same protocol described above. DNA transfection was performed with the Fugene HD (Roche, USA) Transfection Reagent according to the manufacturer's protocols.
Western blotting
The C6/36 cells (5×10 6 ) were washed twice with PBS, and protein was extracted with a lysis buffer (KeyGen Biotech, China) for 30 min on ice. To determine the total protein amount in samples, the bicinchoninic acid protein assay kit and protocol were used (Perbio Science, UK). Forty micrograms of protein was electrophoresed on 15 % SDS-polyacrylamide gels and transferred to a polyvinylidene difluoride membrane (Millipore Corporation, USA). The fusion protein was detected using an anti-His antibody (1:1000, Bioworld Technology, USA) and a peroxidase-conjugated rabbit antimouse secondary antibody (1:2000, Bioworld Technology, USA) at room temperature. Detection was done with the enhanced chemiluminescence light detecting kit (Bioworld Technology, USA) according to the manufacturer's instruction.
Cytotoxicity assay
Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was used to determine the deltamethrin resistance of transient C6/36 transfectants under deltamethrin treatments. Cell suspension (100 μL) was distributed (5000 cells/well) in a 96-well plate and plates were pre-incubated for 24 h in a 5 % CO 2 -humidified incubator at 28°C. Wells were then treated with 100 μL , and 10 2.5 μg/mL). After another 72 h, 10 μL of CCK-8 solution was added to each well. Plates were incubated for 4 h in the incubator, and then the absorbance was measured at 450 nm using a microplate reader. Deltamethrin was dissolved in Dimethyl sulfoxide (DMSO) (Sigma, USA), and the wells of various concentrations of deltamethrin had the same final concentration of DMSO. Three independent experiments were done.
Microinjection and CDC bottle bioassay
The 1-day post-emergence female mosquitoes of DR-strain were used for the injection experiment. Five hundred nanoliters of miRNA mimics (0.1 ng/nL) was injected into the side of the protocoele of the mosquito by using microinjection. Two controls were performed in which an equivalent volume of DEPC or miRNA mimics negative control (NC) (GenePharma, Germany). Three days post-injection, mosquitoes were selected for qRT-PCR and subsequent experiments.
The Centers for Disease Control and Prevention (CDC) bottle was used as a surveillance tool for detecting resistance to insecticides in vector populations (Aizoun et al. 2013) . One milliliter of deltamethrin (4 mg/mL) dissolved in acetone was smeared evenly in each bottle, and one empty bottle performed in which an equivalent volume of acetone was used as control. About 20 female mosquitoes after 3 days of injection were placed in each bottles, and then the mortality was counted in the next 2 h. The experiment was repeated three times.
Statistics
Data were analyzed by the Student's t test. All values represent the mean±SEM. Any p value of <0.05 is considered statistically significant.
Results
Identification of miR-278-3p that targets CYP6AG11
To validate miR-278-3p and the predicted CYP6AG11 potential function in C. pipiens pallens, the expression levels of miR-278-3p and CYP6AG11 were detected by quantitative real-time PCR. The result showed that the expression level of miR-278-3p was 4.2-fold lower in the DR-strain compared with the DS-strain (Fig. 2a) , while the result of gene targeted by miR-278-3p showed an opposite mode that the expression level was 13.5-fold higher in the DR-strain (Fig. 2b) , suggesting that CYP6AG11 might be under the regulation of miR-278-3p related to deltamethrin resistance.
The most common method to test the interaction between a miRNA and its predicted target is a reporter assay in which the putative target sequence and its mutation sequence are fused to a reporter gene and the level of reporter gene expression is measured in the different situations (Chen et al. 2013 ). HEK293T cells were transfected with the recombinant plasmid (pMIR-UTR/pMIR-MUT) (which encodes both the luciferase genes and target sequences) and pGL4.74 (control reporter) vectors. In addition, miRNA mimics and NC (unrelated small RNA sequence as a control) were cotransfected into cells to measure and normalize the luciferase expression levels. Transfection of miRNA-278-3p decreased the expression of luciferase from the constructs with the 3′UTR sequences of CYP6AG11 by approximately 25 % in 293T cell (Fig. 3) .
CYP6AG11 decreased the sensitivity of mosquito cells
To confirm transfection and expression efficiency of exogenous CYP6AG11, qRT-PCR and Western blotting analysis were conducted. qRT-PCR results showed that the level of CYP6AG11 expression was more than 16000 folds higher in cells that were transfected with CYP6AG11 (Fig. 4a ), confirming that CYP6AG11 had been transcribed in the transfected cells. Western blotting analysis using anti-His antibody identified a protein of 56 kDa in the cells transfected with CYP6AG11 (Fig. 4b) .
To investigate the CYP6AG11 overexpression in relation to deltamethrin resistance, C6/36 cell line transient transfected with pIB/V5-his-CYP6AG11 and pIB/V5-his were used for this assay. The dose response of cell viability over a wide range of concentrations of deltamethrin was measured based on the cytotoxicity assay using CCK-8 kit. As shown in Fig. 5 , C6/36-CYP6AG11 cells were relatively lower susceptible to miR-278-3p could regulate the deltamethrin resistance of mosquitos
To confirm the functions of miR-278-3p in the mosquitos, qRT-PCR and CDC Bottle Bioassay were conducted after injection with miRNA mimics at 72 h post-injection. qRT-PCR results showed the level of miR-278-3p expression was 60-fold higher compared with the control group (Fig. 6a ). In contrast, the level of CYP6AG11 expression was significantly lower (Fig. 6b) . And the CDC Bottle Bioassay showed that the mosquitoes were more susceptible to deltamethrin compared with other groups when exposed to deltamethrin in 2 h (Fig. 7) .
Discussion
MiRNAs are estimated to comprise 1-5 % of animal genes (Chang et al. 2010; Yu et al. 2012 ) and predicted to regulate more than 30 % of protein-coding genes (Cai et al. 2013; Liu et al. 2010; Truini et al. 2014) . MiRNA-278, as a conserved microRNA, plays different roles among insects. In Drosophila, miR-278-3p has been implicated in tissue growth and InR signaling (Teleman et al. 2006) , while miR-278-3p was also associated with kinase, neural function, Fig . 7 Mortality rates with the miRNA mimics, NC, and DEPC injecting of miR-278-3p. Five hundred nanoliters miRNA mimics (0.1 ng/nL) was injected into the side of the protocoele of the mosquito using microinjection. Two controls were performed in an equivalent volume of DEPC or NC. All mosquitoes in the acetone bottles were alive. *p<0.05, **p<0.01 synaptotagmin, and energy and might play important roles in regulating dancing behaviors in honeybees (Li et al. 2012 ). In our previous study, the miR-278-3p-injected mosquitos showed higher susceptibility to deltamecthrin, indicating that miR-278-3p might have participated in pyrethroid resistance. P450s, especially CYP6 subfamily, have been proved to be associated with pyrethroid resistance (Edi et al. 2014; Kotewong et al. 2014) . In this paper, qRT-PCR analysis demonstrated that CYP6AG11 exhibited a 13.5-fold higher level of transcription in the DR-strain. Cytotoxicity assay showed that the viability of C6/36-CYP6AG11 was higher than that of the C6/36-pIB/V5-His control cells. These findings suggested that the increased expression of CYP6AG11 might play some role in the development of deltamethrin resistance in Cx. pipiens pallens. As miR-8-5p and miR-2a-3p could modulate chitin biosynthesis through membranebound trehalase (Tre-2) and phosphoacetylglucosamine mutase (PAGM) in Nilaparvata lugens (Chen et al. 2013) , miRNAs often play a role by regulating target genes. Here, Luciferase assay showed that miR-278-3p decreased the expression of luciferase by approximately 25 % in 293T cell. qRT-PCR results after microinjection also demonstrated that the expression of CYP6AG11 was 1.3-fold lower in mosquitos which had injected miR-278-3p mimics. Thus, miR-278-3p might regulate CYP6AG11 in vitro and in vivo.
MiRNAs are often used as some diagnostic indicators, such as miR-23a is a potential biomarker for the diagnosis of prediabetes and type 2 diabetes (Yang et al. 2014) , and miR-296-5p may be a prognostic indicator in prostate cancer therapy (Lee et al. 2014) . In our study, we also detected the expression level of miR-278-3p in the field mosquito populations, which were obtained in public area of Pinyin (36°17′ 48.062″ N; 116°25′ 21.298″ E) and Shanghe (37°18′ 52.124″ N; 117°09′ 25.955″ E), and were described according to the standard WHO testing protocol (WHO 2013) and previous studies (Bonizzoni et al. 2012) . qRT-PCR analysis demonstrated that the expression level of miR-278-3p was respectively 2.1-fold and 1.7-fold higher in the DS-strain in SH and PY population (Fig. 8) , which suggested that miR-278-3p might be used as a potential genetic marker to monitor and predict the pyrethroid resistance level of field mosquito populations.
In conclusion, our present showed that miR-278-3p might regulate the pyrethroid resistance of mosquitos by decreasing the expression level of CYP6AG11. This study is the first to predict target genes and to establish a microinjection technique to study the functions of miRNAs in C. pipiens pallens. In addition, the roles of miR-278-3p in pyrethroid resistance provide a novel thinking to illuminate the mechanism of insecticide resistance.
